ABSTRACT
. Forest 72 landscapes should also consist of a mosaic of stands with different development stages to 73 maintain sustainable timber production and carbon sequestration and stock of forests over 74 time (Garcia-Gonzalo et al. 2007a) . This is because newly regenerated sites and over mature 75 forests (latter ones having high carbon stocks) may act even as sources of carbon instead of 76 sinks opposite to young and medium age stands (Jarvis et al. 2005) .
78
Forest ecosystem models offer useful means to study the sensitivity of forest growth, timber 79 production, economic profitability of forestry and carbon sequestration (and stocks) of forests 80 to changes in environmental conditions (e.g. climate and site fertility) and forest management 81 (Kellomäki et al. 2008; Matala et al. 2003 Matala et al. , 2005 Matala et al. , 2006 . The outputs of forest ecosystem 82 model simulations can also be used as inputs for forest optimisation tools to solve forest 83 planning problems. The integrated use of forest ecosystem model simulations and 84 optimisation techniques allow identifying adaptive measures, which could increase forest 85 production and/or forest carbon stocks in a sustainable and cost-efficient way (e.g. Gonzalo et al. 2014). So far, only few attempts exist to optimise forest management under 87 changing climatic conditions (e.g. Nuutinen et al. 2006; Garcia-Gonzalo et al. 2008 , 2014 88 Pukkala and Kellomäki 2012; Zubizarreta-Gerendiain et al. 2015a,b In this work, we employed the forest ecosystem model SIMA (Kellomäki et al. 1992a (Kellomäki et al. , 1992b Hynynen et al. 2002; Matala et al. 2005 Matala et al. , 2006 ,
139
and measured growth response of trees to nitrogen deposition (see e.g. Mäkipää et al. 1998; 140 Matala et al. 2003; Routa et al. 2011a Routa et al. , 2011b (forest value includes the value of the ending inventory), w ijt is harvested timber flow per ha 236 in period t that results from assigning prescription j to stand I, carb ijt is average carbon stock 237 per ha in stand i in period t if prescription j is selected, nr ijt is net revenue per ha in period t 238 associated to prescription j in stand I, npv ijt is discounted net revenue per ha in period t 239 associated to prescription j in stand I, and alpha is deviation allowed from target level (e.g.
240

15% variation).
Equation (1) defines the objective of maximising FV. Equation (2) 
RESULTS
251
Carbon stock of forests 252 The total carbon stock of forest (in soil and trees) was clearly affected by climatic conditions 253 (Fig 1) 
Timber yield and NPV
280
In southern Finland, under both climate change scenarios the total timber yield over the 90 281 years simulation period was lower compared to the current climate, regardless of management 282 scenario applied (Fig 2) . Under the A2 and B1 climate change scenarios, harvested timber 283 yield was 26-43% and 13-19% lower than under the current climate, depending on the 284 management scenario used (Table 3) . Also for the optimised management scenario, it 285 decreased by 36 and 11% under the A2 and B1 scenarios, compared to the current climate.
286
Shorter rotation lengths also showed smaller decrease than longer ones, especially under the 287 A2 scenario. In central Finland, the total timber yield reduced slightly under the A2 scenario 288 (decrease 3 to 5%) for different management scenarios, while under the B1 scenario was 289 similar to that under the current climate ( B1 scenarios compared to the current climate (Table 3) . (Table 5 ). The optimised management plan also resulted in considerably higher total timber 326 volumes (standing and harvested volume) regardless of the applied climate and region. In the 327 optimised plan, long rotation lengths were in general more common (80-90 years) and 328 shortest ones (60 years) were not used. Considering the intensity of first thinning, 50% of the 329 removal was more usual compared to the 65%, regardless of the region and climate applied. Net present value (NPV) over the planning horizon (90 years) was in southern Finland lower 334 under both climate change scenarios compared to the current climate, regardless of 335 management scenario applied (Fig 3) . For instance, under the 70-base management, NPV was 336 12 and 20% lower under the B1 and A2 scenarios, compared to the current climate (Table 3) .
337
For the optimised management, it was 7 and 30% lower under the B1 and A2 scenarios, Finland under the A2 scenario, several fixed management alternatives such as 70-heavy 353 management resulted in a higher NPV than the optimised scenario (Fig.3) . 
DISCUSSION AND CONCLUSIONS
358
In this work, we studied regional effects of different climate change and management 359 scenarios on timber production, its economic profitability (NPV with 2% interest rate) and Table 2 ). This was this century and we have, in this sense, some time to gradually adapt our forest management 405 to these conditions. Nonetheless, the expected impacts also differ depending on the projected
406
climate change as we demonstrated in this work.
408
Usually in unthinned or slightly thinned forests the total carbon stock is higher than in more 409 heavily managed ones (with earlier and/or more intensive thinnings), opposite to the NPV 410 (Garcia-Gonzalo et al. 2007b ). In our study, NPV showed in general a decreasing tendency 411 from heavy to light thinning, and from shorter to longer rotation lengths (Fig 3) . This was 412 opposite to the total carbon stock of forest (Fig 2) . So, there is a trade-off between the NPV 413 and carbon stock of forests. Nonetheless, our optimisation results showed that it is also of abiotic risks to forests, for example, by wind, may also influence these needs, which should 442 be studied more in details in the future. Garcia-Gonzalo, J., Peltola, H., Briceño-Elizondo, E. and Kellomäki, S. 2007b baseline or light thinnings (see Table 2 ). Table 2 ). Table 2 ). Northern Finland
